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The crystal structure of Lanthanum Cerium Oxide (La2Ce2O7) is investigated using ab initio
density functional theory (DFT) calculations. The relative stability of fluorite- and pyrochlore-like
structures is studied through comparison of their formation energies. These formation energies
show the pyrochlore structure to be favored over the fluorite structure, apparently contradicting
the conclusions based on experimental neutron and X-ray diffraction (XRD). By calculating and
comparing XRD spectra for a set of differently ordered and random structures, we show that the
pyrochlore structure is consistent with diffraction experiments. For these reasons, we suggest the
pyrochlore structure as the ground state crystal structure for La2Ce2O7.
PACS numbers:
I. INTRODUCTION
Since the pioneering work of Zintl and Croatto,1
La2Ce2O7 has been studied for over half a century.
During this time, La2Ce2O7 and more generally the
LaxCe1−xO2−x/2 compounds have been studied in the
context of three-way automotive catalysts,2–5 as an ionic
conductor in solid oxide fuel cells,6–8 and as oxygen sen-
sor. In recent years, it has also become of interest as a
new material for thermal barrier coatings.9–11 It might
also be considered as a new buffer layer in combination
with perovskite superconductors for the use in coated
conductors on Rolling Assisted Biaxially Textured sub-
strates (RABiTS).12–14
Although this compound has been known for a long
time, its crystal structure remains a point of discussion.
The two competing models for its crystal structure are
the disordered fluorite and the pyrochlore structures.
Many ternary oxides with the formula A2B2O7, with
+III ions A and +IV ions B, adopt a pyrochlore
structure, making the latter a good candidate for the
La2Ce2O7 structure. Conversely, in many cases where a
pyrochlore crystal structure is observed, the A and B ions
are indeed lanthanides and/or transition metals. A py-
rochlore structure (space group Fd3¯m) can be obtained
from a fluorite structure (space group Fm3¯m) with one
eighth of the oxygen ions missing (Fd3¯m Wickoff 8a site,
when placing the origin at a B cation). Each oxygen va-
cancy is surrounded by four BIV ions (16c sites), while six
oxygen ions (48f sites) are each surrounded by two AIII
and two BIV ions, and the seventh oxygen ion (8b site) is
surrounded by four AIII ions (16d sites). The pyrochlore
structure has a clear short-range order. It turns out to
be stable only in a certain range of ionic radius ratios of
the two cations. Outside this range, a disordered fluorite
structure becomes more stable.15
This disordered fluorite structure for La2Ce2O7 is ob-
tained by random replacement of half the Ce cations in
the CeO2 cubic fluorite lattice by La cations. In addition,
one eighth of the O anions are removed, also through ran-
dom selection. This structure has the required stoichiom-
etry and the crystal structure is a cubic fluorite with each
cation site occupied by 0.5 Ce and 0.5 La atoms on av-
erage, and each anion site on average occupied by 0.875
O atoms. As a result, no short-range order is present
in a disordered fluorite structure, in contrast to the py-
rochlore structure, .
The border between the stability regions of the disor-
dered fluorite and the pyrochlore structures has been de-
fined empirically, to reflect the experimental data as well
as possible.16 With the ionic radius ratio for La2Ce2O7 lo-
cated very close to this border, La2Ce2O7 itself becomes
interesting for investigating the order-disorder transition
in pyrochlores. Minervini et al. show in their theoreti-
cal study of disorder in pyrochlore oxides that La2Ce2O7
lies at the boundary of stability for pyrochlore forma-
tion. They claim that in this boundary region La2Ce2O7
remains a disordered fluorite structure, though the py-
rochlore structure appears stable with regard to cation
and anion disorder.16
Furthermore, there is a list of experiments which are
in favor of the disordered fluorite structure. In their early
neutron diffraction experiments, Brisse and Knop claim
La2Ce2O7 to have a disordered fluorite structure rather
than a pyrochlore one.15 But also more recent XRD
experiments point towards a disordered fluorite struc-
ture, due to the lack of pyrochlore-specific peaks in the
spectrum.17,18 It was also shown that this structure re-
mains stable, even at very high temperatures.9,10
In contrast, recent studies of LaxCe1−xO2−x/2 show a
different behavior. XRD experiments by Bae et al.8 show
that the CeO2 fluorite structure is maintained for La con-
centrations up to x = 0.40 (for La2Ce2O7 x = 0.50), and
only at higher La concentrations the pyrochloric ordering
of the cations (LaIII and CeIV) appears. These authors
also observe that the lattice parameter does not expand
in a linear fashion as was reported earlier by Chambon-
net et al.19, and assume this reduced expansion is due to
the clustering of O-vacancies. Other authors find mul-
tiple non-linear regions in the expansion of the lattice
parameter. Ryan et al.20 link this behavior to the pres-
ence of two phases with different La concentration. Of
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2FIG. 1: (Color online) Ball and stick representations of (A) the fcc primitive 2× 2× 2 (p222) and (B) the cubic (c111) CeO2
fluorite super cells. All the inequivalent Ce (big yellow spheres) and O (small red spheres) atom positions are indicated. The
dashed tetrahedron on the cubic cell indicates the surrounding tetrahedron around the oxygen atom 8.
these, the phase with the high La density shows a dis-
continuity in the lattice parameter just around 38% La,
and a constant lattice parameter above 40% La. Though
they do report observing local ordering in the system,
unlike Bae et al.8, they refrain from linking the second
phase to a pyrochlore phase. In contrast, O’Neill and
Morris find only a single phase in their investigation of
LaxCe1−xO2−x/2.21 However, they only go up to a La
concentration of 10%, where Ryan et al.20 observed the
appearance of the second phase at a La concentration of
∼ 20%, indicating that below this La concentration, the
second phase was either not present or not distinguish-
able.
As a result of this complex behavior, no definitive crys-
tal structure has been established for La2Ce2O7, and
there exists only a single entry in the ICSD database,
referring back to the work of Zintl and Croatto.1,22,23
Experiments are interpreted in favor of the disordered
fluorite as well as the pyrochlore structure, and some au-
thors even refer to La2Ce2O7 both as a pyrochlore and a
fluorite structure in the same work.24
In this paper we present an ab initio density functional
theory (DFT) study of the La2Ce2O7 crystal structure.
Based on the order–disorder contrast of the experimen-
tally proposed pyrochlore and disordered fluorite struc-
tures, we focus on the effect of order in possible La2Ce2O7
structures. By calculating and comparing the formation
energies and XRD spectra for a set of different ordered
and random structures, we show the pyrochlore structure
to be favored over the disordered fluorite structure.
II. THEORETICAL METHOD
Starting from the CeO2-fluorite structure, the
La2Ce2O7 structure is obtained by replacing half of the
TABLE I: O-vacancy and La positions for the different struc-
tures investigated. The tetrahedral surrounding of the O-
vacancy is indicated as xCeyLa with x and y the number of
Ce and La atoms in the tetrahedron surrounding the vacancy.
The notation NV indicates no vacancies are present in the sys-
tem. The indexes are shown in Fig. 1A and B. The LZO and
L111 structures are generated using the (fluorite) p222 unit
cell (cf. Fig. 1A).
La positions O-vacancies space group
c111 L10 NV 1, 2 − P4/mmm
c111 L10 2Ce2La 1, 2 2 Cmm2
LZO NV 5, 6, 7, 8 − Fd3¯m
LZO 2Ce2La 5, 6, 7, 8 1, 6 C2/m
LZO 4Ce 5, 6, 7, 8 15, 16 Fd3¯m
LZO 4La 5, 6, 7, 8 13, 14 Fd3¯m
L111 NV 1, 6, 7, 8 − R3¯m
L111 3Ce1La 1, 6, 7, 8 15, 16 R3¯m
L111 1Ce3La 1, 6, 7, 8 13, 14 R3¯m
CeIV ions by LaIII (i.e. CeO2 → La2Ce2O8), and, due to
charge compensation, removing one eight of the O ions
(i.e. La2Ce2O8 → La2Ce2O7). This can be achieved in
a large number of ways, resulting in both ordered struc-
tures and disordered structures. Because an exhaustive
study is impossible within the DFT framework, and be-
cause the most prominent difference between the disor-
dered fluorite and pyrochlore structures is their amount
of short range order, our study can be confined to some
highly ordered structures and a “random structure”.
This allows us to investigate the influence of cation-
ordering on the stability of the system. Moreover, the
chemical environment of the vacancies can be studied in
this way.
The three ordered cation distributions we use are: the
La2Zr2O7 pyrochlore structure (LZO), the cubic CuAu
3FIG. 2: (Color online) Ball and stick representations of the
different cation distributions, as constructed from Table I and
Fig. 1 or taken from literature: (A) the LZO, (B) the L111,
(C) the c111 L10 and, (D) the SQS distribution.
25 Red, green
and yellow spheres show the O, La and Ce positions, respec-
tively.
L10 structure (c111 L10), with alternating La and Ce lay-
ers along the [001] orientation, and the L111 structure,
with alternating Ce and La layers along the [111] orien-
tation. Both the LZO and L111 structures can be con-
structed using the fluorite p222 primitive fcc supercell,
shown in Fig. 1A, the L10 structure can be constructed
using the cubic fluorite supercell, shown in Fig. 1B. For
each of these structures a set of O-vacancies is chosen in
such a way that all vacancies in a single system have the
same chemical environment. Table I gives the positions
of the La cations and O-vacancies in the unit cells used
for these structures, and shown in Fig. 1A and B, and
the resulting cation distributions are shown in Fig. 2A, B,
and C. The tetrahedral surrounding (cf. Fig. 1B) of the
vacancies is indicated as xCeyLa, with x and y integers
giving the number of Ce and La cations in the tetrahe-
dron. Cells without O-vacancies are indicated with NV.
All p222 cells, except the NV structures, contain two
vacancies. To improve the comparability of the differ-
ent structures, the two O-vacancies are always placed
symmetrically around a single cation. This way we can
assume the contribution to the formation energy due to
the O-vacancy interaction energy to be the same for all
p222 systems. As a consequence of this setup, all four
cations surrounding the O-vacancy in the p222 cells are
6-coordinated. Note that we use the term coordination
only to indicate the number of anions present surround-
ing the cation, not the number of anions the cation has
an actual bond with.
There are several methods in literature to obtain phys-
ical properties of disordered or random structures. The
most intuitive perhaps is the use of averaged potentials
in the Virtual Crystal Approximation, where instead
of using a specific potential for each ionic species one
uses a potential representing the average atomic species
present.26 Another approach is the use of Monte-Carlo
methods, and a statistical analysis of the results ob-
tained. However, this method requires one to do thou-
sands (or even more) of calculations, which is not feasible
due to the size of our unit cell and the cost of DFT cal-
culations. A third possible approach is the use of cluster
expansions, where the configurational dependence of the
physical property of interest is described as a sum over
bonds or clusters. However, the configurational depen-
dence of any variable can be described exactly by a clus-
ter expansion only if all terms are retained, which is not
the case in any practical implementation. Furthermore,
predictions of the cluster expansion can depend sensi-
tively on the choices made by the user with regard to for
example input structures.27,28 We will make use of what
is called a Special Quasi-random Structure (SQS).29–31
This is a super cell chosen in such a way that the corre-
lation functions of the system resemble those of a truly
random system as closely as possible. Although the su-
per cell is a few times larger than a unit cell, and has
no symmetry, the fact that we only need to do calcula-
tions with a single structure makes this technique orders
of magnitude cheaper than a Monte-Carlo method. Nei-
ther is it necessary to use statistical methods to obtain
system properties.
The main problem with using SQS is the fact that they
need to be constructed first. For the pyrochlore(fluorite)
system an SQS containing 88(96) atoms was previously
given by Jiang et al.25. We use this SQS to investigate the
physical properties of a disordered fluorite structure. A
ball and stick representation is shown in Fig. 2D. Because
all possible tetrahedral surroundings for the vacancies are
present in this system, no tetrahedral surrounding is in-
dicated.
The electronic structure calculations are performed
within the DFT framework using the projector aug-
mented wave (PAW) approach for the core-valence inter-
action and the Perdew-Burke-Ernzerhof (PBE) approxi-
mation for the exchange-correlation functional as imple-
mented in the VASP code.32–36 The kinetic energy cut-
off is set at 500 eV and special k-point sets of 8× 8× 8,
4× 4× 4, and 4× 4× 4 k-points are used for static self-
consistent calculations in the c111, p222 and the SQS
cells respectively. For the SQS cells a smaller 2 × 2 × 2
k-point set is used during relaxation. To optimize the ge-
ometry a conjugate gradient algorithm is applied. Both
ion positions and cell parameters are optimized simulta-
neously.
Because the 4f electron of Ce is known to be badly
described in DFT at the PBE-level, we also per-
formed calculations including on-site Coulomb correc-
tions (PBE+U).37,38 The inclusion of on-site Coulomb
corrections has been shown to provide a consistent treat-
ment of Ce ions in ceria.39–43 The choice of U for the
Ce 4f electrons is found to be optimal in the range of
2–8 eV, depending on which property is under specific
investigation.41,42,44 For reduced ceria, and a consistent
4description of pure CeO2 and Ce2O3, both Nolan et al.
39
and Andersson et al.41 suggest for GGA+U a UCe = 5.0
eV. Because La2Ce2O7 contains a large amount of O va-
cancies, we will follow this suggestion.
In theoretical studies of La doping of ceria surfaces,
it was also shown by Yeriskin and Nolan that an on-site
Coulomb correction is required to correctly describe the
localized hole on the O 2p state.45 This localized hole re-
sults from the introduced LaIII ion at a CeIV site. Since
the La2Ce2O7 structure can be interpreted as an extreme
case of La doping we use the same UO = 7.0 eV on the
O 2p states.
The XRD spectra are generated for the relaxed struc-
tures using the visualizer tool of the ICSD database.22,23
III. RESULTS AND DISCUSSION
A. Energetics
The energetics of the system are studied through com-
parison of the heat of formation ∆Hf and the vacancy
formation energies Evac,f of the different configurations.
The heat of formation is calculated using:
∆Hf =
(
Etot−NCeECeO2−
1
2
NLaELa2O3−
1
2
NOaddEO2
)
/Nf ,
(1)
with Etot the total ground state energy of the relaxed
system, NCe and NLa the number of Ce and La atoms
present in the system, ECeO2 and ELa2O3 the bulk energy
of CeO2 and La2O3, NOadd the number of additional O
atoms not accounted for by the CeO2 and La2O3 formula
units, and EO2 the ground state energy calculated for a
free oxygen molecule. The factor Nf is the number of
formula units, which we define as the size of a supercell
containing a single O-vacancy. The equivalent supercell
is used for the systems without vacancies.
The O-vacancy formation energy Evac,f is calculated
using:
Evac,f =
(
Evac +
1
2
NvacEO2 − Enovac
)
/Nvac, (2)
with Evac and Enovac the ground state energies obtained
for the systems with and without vacancies, respectively,
and Nvac the total number of vacancies present in the
system with O-vacancies. Negative values indicate a sta-
bilization of the system. The resulting energies are shown
in Table II.
The calculated heats of formation and O-vacancy for-
mation energies presented in Table II show some clear
trends with regard to the stability of La2Ce2O7. If no
O-vacancies are involved (i.e. La2Ce2O8) PBE calcula-
tions show all possible cation distributions to be roughly
degenerate. Including on site Coulomb corrections for Ce
and O lifts this degeneracy and shows the disordered fluo-
rite structure to be the most stable. However, La2Ce2O7
contains 12.5% O-vacancies compared to the CeO2 fluo-
rite structure to provide the necessary charge compensa-
tion for the introduction of trivalent La in a tetravalent
Ce position in the CeO2 lattice. In contrast to the previ-
ous, the introduction of O-vacancies shows no qualitative
difference between the PBE and PBE+U results. In both
cases the introduction of O-vacancies is beneficial for the
heat of formation. The sole exceptions are the systems
with three or four La cations in the tetrahedral surround-
ing of the O-vacancy: L111 1Ce3La (PBE only) and LZO
4La (PBE and PBE+U).
Of all configurations studied, the LZO 4Ce system (i.e.
the actual pyrochlore structure) has the most favored
heat of formation and O-vacancy formation energy. It
has a heat of formation that is roughly 0.5 eV/formula
unit better than the SQS system, representing the disor-
dered fluorite structure. Closer examination of Evac,f
with regard to the tetrahedral surrounding of the O-
vacancy shows the following order of increasing stability:
4La < 1Ce3La < 2Ce2La < 3Ce1La < 4Ce.
This shows there is a clear correlation between the
number of Ce ions in the surrounding tetrahedron and
Evac,f . This result is independent of the introduced
Coulomb correction, and results for both PBE and
PBE+U functionals in an improvement of Evac,f with
∼ 1.5 eV, going from the least to the most stable
configuration. This also means that ordered structures
containing Ce tetrahedra show large stability when the
O-vacancies are enclosed in these Ce tetrahedra. On the
other hand, structures with no Ce in the tetrahedron
surrounding the O-vacancy show poor stability (Com-
pare the LZO 4Ce and LZO 4La structures in Table II.
In both cases the cations have a pyrochlore geometry).
Due to this stability trend for O-vacancy positions, it is
clear why the disordered fluorite structure (i.e. SQS) is
less favorable than ordered structures. Because of the
random nature of the disordered fluorite structure, fewer
pure Ce tetrahedra are present. In addition, because
of their random distribution, the O-vacancies are also
placed in less favorable surroundings than could be the
case in ordered structures.
Irrespective of the correlation between Evac,f and the
number of Ce cations in the tetrahedral O-vacancy sur-
rounding, there still appears to be quite some variation
in formation energies for the same surrounding when
comparing the two 2Ce2La structures in Table II. These
two systems differ in two aspects: the inter-vacancy
distance and the coordination of the cations in the
system. This leads to the question which of both is
responsible for the difference in vacancy formation
energy.
We have studied two sets of additional systems,
given in Table III, to further investigate the influence
of these aspects. The first set consists of the p222 L10
structure. This is the L10 distribution of the cations
but this time constructed using a p222 unit cell (cf.
Fig. 1 and Table III). The O-vacancies are placed at
opposing sides of a single Ce cation,46 reducing the
5TABLE II: The heat of formation ∆Hf and vacancy formation energy Evac,f as calculated using equations (1) and (2). The
inter-vacancy distance dvac−vac is calculated as the distance between the centers of mass of the cation tetrahedra surrounding
the O-vacancies. Due to the random nature of the SQS system no inter-vacancy distance is given. The notation NV is used to
identify systems without vacancies. For the PBE+U calculations we use UO = 7.0 eV on the O 2p states and UCe = 5.0 eV on
the Ce 4f states for all calculations involved.
PBE PBE+U
∆Hf Evac,f dvac−vac ∆Hf Evac,f dvac−vac
(eV) (eV) (A˚) (eV) (eV) (A˚)
c111 L10 NV 1.177 − − 1.280 − −
c111 L10 2Ce2La 0.758 -0.419 5.576 0.800 -0.480 5.570
LZO NV 1.167 − − 1.364 − −
LZO 2Ce2La 0.939 -0.229 4.829 1.105 -0.259 4.818
LZO 4Ce -0.016 -1.183 4.861 0.220 -1.143 4.862
LZO 4La 1.668 0.501 4.812 1.620 0.256 4.803
L111 NV 1.169 − − 1.564 − −
L111 3Ce1La 0.452 -0.717 4.782 0.668 -0.896 4.787
L111 1Ce3La 1.352 0.183 4.843 1.420 -0.144 4.843
SQS NV 1.160 − − 0.699 − −
SQS 0.527 -0.633 n/a 0.607 -0.91 n/a
TABLE III: O-vacancy and La positions for some additional
structures. The ‘L111 3Ce1La’ structure of Table I has been
repeated here as ‘L111 3Ce1La A’ for comparison.
La positions O-vacancies space group
p222 L10 NV 1, 2, 5, 6 − P4/mmm
p222 L10 2Ce2La 1, 2, 5, 6 1, 6 Imma
L111 3Ce1La A 1, 6, 7, 8 15, 16 R3¯m
L111 3Ce1La B 1, 6, 7, 8 1, 7 Pm
L111 3Ce1La C 1, 6, 7, 8 7, 9 C2/m
inter-vacancy distance by about 0.8 A˚ compared to the
c111 L10 structure. At the same time, the coordination
changes from 7-fold coordination for all cations in the
c111 L10 structure to 6-fold coordination for half the
Ce and half the La ions and 8-fold coordination for the
remaining cations in the p222 L10 structure. A second
set of structures consists of L111 3Ce1La B and C (cf.
Table III), where the former L111 3Ce1La structure will
be referred to as L111 3Ce1La A. Table IV gives the
energies, inter-vacancy distances and Ce-coordination
for these systems.
Comparing L10 structures in Tables II and IV shows
that the heat of formation, ∆Hf , is exactly the same, as
it should be, when no vacancies are present. However,
with O-vacancies included, there is a significant differ-
ence in Evac,f of 0.2 − 0.3 eV. This difference between
the c111 and p222 L10 2Ce2La systems is related to
their different vacancy configurations. Comparing the
three 2Ce2La systems studied, we find that both systems
with half the Ce ions 6-fold coordinate are ∼ 0.2 eV
less stable than the third system (c111 L10 2Ce2La),
without 6-fold coordinate Ce.
The three L111 3Ce1La configurations can also be
used to distinguish the effects of distance and coor-
dination. Due to the three different inter-vacancy
distances and the same Ce coordination for the B and C
structures one can consider following scenarios: If a large
O-vacancy distance is beneficial to the system then the
O formation energies should be ranked A<B<C, with A
the best configuration. Contrary, if the opposite is the
case, namely clustering or coalescing of the vacancies is
beneficial, the C case should be the best structure, giving
rise to a ranking C<B<A. In both these scenarios the
Ce coordination is assumed to have little or no influence.
If on the other hand the inter-vacancy distance has
little or no influence and the reduced number of 6-fold
coordinate Ce cations causes the decreased vacancy
formation energy, then the B and C case should be
(nearly) degenerate and more stable than the A case.
The resulting ranking should then be A>B=C.
Comparing the energies in Table II and IV we see
a significant improvement (∼ 0.4 eV) in the heat of
formation and O-vacancy formation energy for the B
and C configurations compared to A. This change is
comparable to the one found for the L10 2Ce2La struc-
tures. Table IV also shows the B and C configurations
to be roughly degenerate. This shows that the improved
energetics originate from the third scenario described
above. The reduced number of 6-fold coordinate Ce
ions causes a significant improvement of the formation
energy Evac,f . Upon closer examination we also notice
that the B configuration is slightly more stable (∼ 0.06
eV) than the C configuration, showing that also the
O-vacancy distance plays a role, albeit a minor one, and,
more importantly, that the vacancies repel each other.
The results of this section also give us some additional
understanding on the structure of LaxCe1−xO2−x/2. The
above calculations show that for La2Ce2O7 the Ce atoms
prefer to cluster in tetrahedra around the O-vacancies,
or vice versa, the O-vacancies prefer to appear inside Ce
tetrahedra. If we assume that this behavior is also valid
6TABLE IV: The same as Table II, for the additional structures. In addition, also the distribution of the Ce coordination is
given. The c111 L10 2Ce2La and L111 3Ce1La A structures are repeated from Table II for comparison.
Ce-Coord. PBE PBE+U
(6|7|8)-fold ∆Hf Evac,f dvac−vac ∆Hf Evac,f dvac−vac
(%) (eV) (eV) (A˚) (eV) (eV) (A˚)
p222 L10 NV (0|0|100) 1.178 − − 1.281 − −
p222 L10 2Ce2La (50|0|50) 1.007 -0.171 4.784 1.115 -0.166 4.776
c111 L10 2Ce2La (0|100|0) 0.758 -0.419 5.576 0.800 -0.480 5.570
L111 3Ce1La A (75|0|25) 0.452 -0.717 4.782 0.668 -0.896 4.787
L111 3Ce1La B (50|50|0) 0.072 -1.097 3.960 0.198 -1.366 3.945
L111 3Ce1La C (50|50|0) 0.123 -1.046 2.937 0.263 -1.301 2.934
TABLE V: Geometric data for the PBE and PBE+U results. We use the notation NV to indicate systems without vacancies.
For these NV systems ∆V is calculated with regard to the volume of the equivalent CeO2 fluorite cell, while for the other
systems it is calculated with regard to the NV system. The lattice parameter a (see text) is calculated as a = 3
√
Vf , and
∆a gives the change of this lattice parameter with regard to the lattice parameter of CeO2 fluorite and the calculated lattice
parameter of the NV system.
PBE PBE+U
∆V a ∆a ∆V a ∆a
vs CeO2 vs NV vs CeO2 vs NV
(%) (A˚) (%) (%) (%) (A˚) (%) (%)
c111 L10 NV 8.044 5.606 2.613 − 7.945 5.609 2.581 −
c111 L10 2Ce2La -1.260 5.582 2.180 -0.422 -1.631 5.579 2.021 -0.547
p222 L10 NV 8.080 5.606 2.624 − 7.947 5.609 2.582 −
p222 L10 2Ce2La -1.281 5.582 2.184 -0.429 -1.725 5.577 1.989 -0.578
LZO NV 8.328 5.611 2.702 − 8.479 5.618 2.750 −
LZO 2Ce2La -0.668 5.598 2.473 -0.223 -1.533 5.590 2.222 -0.514
LZO 4Ce 0.108 5.613 2.739 0.036 -0.228 5.614 2.672 -0.076
LZO 4La -2.889 5.556 1.704 -0.973 -3.793 5.547 1.434 -1.281
L111 NV 8.253 5.609 2.679 − 8.639 5.621 2.800 −
L111 3Ce1La A -0.292 5.604 2.579 -0.097 -1.045 5.602 2.441 -0.350
L111 3Ce1La B -0.081 5.608 2.651 -0.027 -0.889 5.605 2.495 -0.297
L111 3Ce1La C 0.299 5.615 2.781 0.099 -0.459 5.613 2.643 -0.153
L111 1Ce3La -1.736 5.577 2.081 -0.582 -2.774 5.569 1.841 -0.933
SQS NV 8.530 5.614 2.766 − 9.173 5.630 2.969 −
SQS -0.020 5.614 2.759 -0.007 -1.285 5.606 2.526 -0.430
for LaxCe1−xO2−x/2, then the transformation of CeO2 to
La2Ce2O7 can be understood as follows: For low La con-
centrations, and thus low O-vacancy concentrations, the
vacancies, imbedded in Ce tetrahedra, will be distributed
homogeneously throughout the CeO2 fluorite structure.
With increasing La concentration the number of available
Ce cations for Ce tetrahedra reduces while the number
of O-vacancies increases. For a system where the cations
are randomly distributed this means that at La concen-
trations of > 42.8% there are too few Ce-tetrahedra avail-
able to accommodate all the O-vacancies. This seems to
coincide with the experimentally observed discontinuity
in the lattice parameter observed by Bae et al.8 As a re-
sult, the attraction between Ce cations and O-vacancies
can thus be seen as the driving force for order in the
La2Ce2O7 system. Such a link between the ordering of
the cation and anion sub-latices is also found for other
pyrochlores.47 The resulting geometry at 50% Ce sub-
stituted by La, is then expected to be a highly ordered
structure containing Ce tetrahedra surrounding the O-
vacancies. This makes the pyrochlore geometry a very
likely candidate for the La2Ce2O7 geometry.
B. Lattice parameter
In addition to the energies, we also investigated the
cell volume and lattice parameter. Table V shows the
expansion and contraction of the system compared to
the pure CeO2 fluorite structure. Most configurations
studied show small distortions of the lattice vectors
compared to the cubic fluorite lattice. Only the LZO
NV, 4Ce, and 4La configurations retained a cubic lattice.
Because the distortions of the different system lattices
are all slightly different, it is impossible to extract a
(consistent) lattice parameter from their basis vectors.
However, since the distortions are relatively small, less
than 4◦ for the lattice vector angles, and less than 3.5%
7for the lattice vector lengths, we instead choose to use a
fictitious lattice parameter, which is determined as the
edge of a cube containing a single formula unit, with the
same mass density as the actual crystal.
Comparing the results in Table V shows the Coulomb
corrections to have only limited influence on the ge-
ometry. Compared to the CeO2 fluorite system, the
La2Ce2O7 systems without vacancies are roughly 8%
larger in volume. The introduction of O-vacancies causes
a small contraction of the lattice parameter of a few
tenth of a percent compared to the NV systems. This
contraction appears to be correlated to the amount of Ce
atoms present in the tetrahedral vacancy surrounding;
more Ce results in less contraction. This behavior can
be understood as a consequence of the increase in ionic
radius known for the CeIV→ CeIII transition.48,49
It is also interesting to note that for the L111 3Ce1La
cases the lattice parameter seems to increase with
decreasing O-vacancy distance, in contrast to what is
intuitively expected.
Looking at the three most stable configurations with
regard to Evac,f of the previous section (LZO 4Ce,
L111 3Ce1La B and C), we find that these are also
the three systems having the largest lattice parameter.
Their lattice parameter is 5.61 A˚, which is ∼ 2.6%
larger than the normal CeO2 fluorite structure. This
is in good agreement with the experimentally ob-
served value of 5.53 − 5.61 A˚ for the La2Ce2O7 lattice
parameter.8,9,15,50,51 It also shows good agreement
with the experimentally observed relative expansion of
∼ 2.8% by Ryan et al. and Bellie`re et al.20,50 In addition,
the pyrochlore structure LZO 4Ce is the only one of
these three structures which retained a perfect cubic
lattice, as expected from experiment for La2Ce2O7.
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C. X-Ray diffraction
An important argument in the discussion on the struc-
ture of La2Ce2O7 is its XRD spectrum. The differences
between the CeO2 fluorite and a prototypical pyrochlore
spectrum are very small and mainly related to the
presence of the low intensity peaks of the pyrochlore
(311), (331), and (511) reflections.8,9,53 The strong
similarity between the CeO2 and pyrochlore spectra is
due to the nearly equal X-ray scattering factors of La
and Ce.15 As a result very sensitive XRD experiments
are required if one is to observe the low intensity peaks
indicative of the pyrochlore structure of La2Ce2O7.
To address this point in the discussion, we calculated
XRD spectra for all structures studied. Figure 3 shows
calculated spectra of the SQS (disordered fluorite) and
LZO 4Ce (pyrochlore) geometries in comparison to an
experimental powder XRD spectrum of La2Ce2O7.
52
The experimental spectrum shows nine clear peaks that
can be identified with the fluorite peaks of CeO2, no
small secondary pyrochlore peaks are visible. This is
FIG. 3: (Color online) Comparison of calculated XRD images
for the disordered fluorite (SQS, red curve at the front) and
pyrochlore (LZO 4Ce, green curve in the middle) geometries
to the experimental La2Ce2O7 spectrum (black curve at the
back).52 The relaxed PBE geometries are used to calculate the
XRD spectra. The nine peaks with the highest intensity are
indicated with indexes 1 through 9. All spectra are normal-
ized with regard to the peaks with index 1. The inset shows a
section of the spectra containing the pyrochlore (311), (331),
and (511) peaks. The LZO 4Ce curve was shifted vertically
by 1% for clarity.
FIG. 4: (Color online) Comparison of the nine high intensity
peaks present in the spectra shown in Fig. 3. Scaling was
done with regard to the third peak for each spectrum.
in line with the XRD spectra of La2Ce2O7 generally
presented in literature. The two calculated spectra in
Fig. 3 represent the spectra of the two possible structures
for the La2Ce2O7 structure. In both calculated spectra
the nine experimental peaks are clearly visible and their
position is still within 1◦ of the experimental position
for the high angle peaks. Furthermore, no additional
peaks with intensities > 1% are visible in the calculated
spectra.
It is interesting to note that even if a pyrochlore
geometry is used, the typical pyrochlore peaks appear
8FIG. 5: (Color online) Calculated XRD-spectra of the c111
L10 2Ce2La and L111 3Ce1La A structures. Multiple peak
splitting is clearly visible for the high angle peaks.
to be lacking. However, closer examination of the
numerical data shows these peaks to be present, albeit
at a much lower intensity than would be expected from
other pyrochlore systems such as for example La2Zr2O7.
The (311), (331) and (511) peaks have an intensity
of 0.5% or less (cf. inset Fig. 3). This explains why
these peaks are not generally observed in experiments,
but only in case of long time step scans.8 This might
lead to an erroneous assignment of the disordered
fluorite structure to La2Ce2O7. The SQS structure on
the other hand presents a large number of very small
secondary reflections. Though they might not be clearly
distinguishable in experiments, they should introduce
a noticeable additional background (cf. inset Fig. 3).
This should be especially clear in experiments where
increasing La concentrations in LaxCe1−xO2−x/2 are
investigated. However, such experiments do not mention
such behavior.8,20
A thorough comparison of the nine high intensity
peaks also favors the pyrochlore (LZO 4Ce) over the
disordered fluorite (SQS) structure, as geometry for
La2Ce2O7. The relative peak heights of the former
match the experimental peak heights much closer, as
is shown in Fig. 4. We chose not to scale the spectra
using the highest intensity peak since it appears to be
overestimated for both geometries. By using a different
peak as scaling reference the good correlation of the
relative peak heights, with the experimental spectrum
becomes much clearer.
As a final note, it is interesting to mention that the
four high angle peaks, can also be used to exclude the
other structures studied in this work. This is because of
the broadening of those peaks due to multiple splitting.
As a consequence, the two peaks between 70 and 80◦
merge into a near continuous set of peaks spread over a
range of 5◦ in case of the L111 structures, and nearly 10◦
in case of the L10 structures. Two examples are given
in Fig. 5. No simple peaks, as present in the curves of
Fig. 3 are observed for those structures.
IV. CONCLUSION
In this paper the geometry of La2Ce2O7 was stud-
ied using ab initio DFT calculations. Ordered and
disordered structures were compared, modeling the
pyrochlore and the disordered fluorite structures pro-
posed for this system. Three aspects are taken into
consideration: the lattice parameter, the enthalpy of
formation and the XRD spectrum.
The calculated lattice parameters and relative lattice
expansion of both the pyrochlore and disordered fluorite
geometry are found to be in good agreement with the
experimentally observed values. Of these the pyrochlore
structure retained a perfect cubic lattice, while the
disordered fluorite structure showed a small distortion.
Charge compensating O-vacancies are shown to play
a crucial role in the stability of La2Ce2O7. If no
O-vacancies are present (i.e. La2Ce2O8) the disordered
fluorite structure is the most stable geometry. However,
if O-vacancies are included in the system, then the
pyrochlore structure becomes the most stable geometry.
So, in contrast to what is generally assumed in literature,
La2Ce2O7 is predicted to have a pyrochlore rather than
a disordered fluorite geometry.
Total energy calculations have also shown a clear
preference of the O-vacancies to be centered in Ce
tetrahedra. This might be seen as a driving force in the
formation of a pyrochlore geometry during La2Ce2O7
formation. The formation of La2Ce2O7, however, is
beyond the scope of this work, and is, as such, a topic
for further research.
The third aspect, the XRD spectra, show for both
the disordered fluorite and pyrochlore geometry the nine
distinct high intensity peaks observed for La2Ce2O7 in
experiment. Although the peak positions are in excellent
agreement with the experimental positions, only the
pyrochlore geometry presents relative peak intensities
that are in good agreement with the experimental ones.
Furthermore, the pyrochlore geometry also presents the
typical pyrochlore reflection peaks, albeit with a lower
intensity than expected from other pyrochlores.
Finally, both formation energies and calculated XRD
spectra show a highly ordered structure to be preferred
over a disordered structure, as model for the La2Ce2O7
system. Of the structures considered in this work,
the pyrochlore geometry is clearly favorable over the
disordered fluorite geometry.
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